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Introduction
In the last decades the magnetic resonance techniques have evolved as essential tools for research and practice in domains like chemistry, biochemistry, biology, pharmacy and medicine [1] [2] [3] [4] [5] . In this review we report both in vitro and in vivo NMR and magnetic resonance imaging (MRI) studies based on the Group 13 metals, mainly published during the last decade.
Although none of the Group 13 elements is considered as essential to life, their trivalent ions are, nonetheless, of high biological interest. The redox chemistry of thallium is considerably different from the other elements of the group; under standard conditions the most stable oxidation state is Tl + , although the divalent and the trivalent states may exist under biological conditions. Aluminum is the most abundant metal on earth and the natural element consists entirely of the 27 Al isotope. It is a nonessential element that only in the last three decades started being considered a potential toxic element with a possible link to neurological problems like Alzheimer's disease and dialysis encephalopathy, and also to some bone disorders and problems in the haematopoietic system, muscles and joints [6, 7] . Overall it seems that the intake of aluminum by humans (food, water,…) is between 2 and 20 mg of the element per day. The normal human aluminum burden in an adult is about 20-50 mg but it can be 2 g in patients with encephalopathy syndrome. Normal blood plasma aluminum concentration is about 0.005 mg/L. Blood contains less than 1% of the aluminium body burden, of which about 80% is bound to proteins. It accumulates in tissues mainly in liver, bones and spleen of humans and animals.
Due to the increasing acidity of the environment and concomitant dissolution of aluminum minerals, the concentration of this element in fresh waters can rise considerably. As Williams points out [8] , the continuous study of the aluminum's chemistry and of its interaction with biological molecules in vitro and in vivo is a necessary precaution.
The review of Orvig [9] on the coordination chemical aspects of aluminum, compiles literature data available until the very early nineties. Among other aspects this review includes 27 Al NMR studies on the interaction of Al 3+ with biologically relevant carboxylate type ligands. These ligands are of particular importance in view of their occurrence in natural waters and to the fact that citric acid is the main low-molecular-weight carrier of aluminum in blood.
Gallium and indium have a very similar chemistry and neither has a natural metabolic role.
Gallium is present in human tissues at a level of only 10 -4 to 10 -3 ppm [10] . It has two naturally occurring isotopes ( 69 Ga, 60.5%; 71 Ga, 39.5%) and thirteen radioactive nuclides. 67 Ga and 68 Ga are two radioisotopes with the appropriate energies and half-lives for
In is also a radionuclide which is widely employed in nuclear medicine for γ-imaging. These radioisotopes are administered to the patients in the form of stable chelates.
Thallium salts are poisonous due to the ability of the thallous ion to mimic alkali metal ions, especially K + . In addition Tl + ion is absorbed efficiently from the human gastrointestinal tract [11] . 27 Al, 69/71 Ga and 113/115 In are magnetically active isotopes. They are characterised by a high sensitivity to detection by NMR and large chemical shift ranges, two factors that make their study relatively easy. They are quadrupolar nuclei (spin I >1), which rather than being undesirable can give much structural information. The relaxation of a quadrupolar nucleus is mainly due to the interaction of the quadrupole moment with electrical field gradients present at the position of the nucleus. This interaction allows an efficient transfer of energy from the nucleus to the molecular rotational motions. In the limit of fast motion, the nuclear spin quadrupolar relaxation follows the equation: where T 1Q and T 2Q are the quadrupolar spin-lattice and spin-spin relaxation times respectively; I is the nuclear spin; e 2 qQ/h is the quadrupolar coupling constant; q is the electric field gradient at the nucleus; e is the charge of the electron; Q is the nuclear electric quadrupole moment; h is the Planck's constant; τ C is the rotational correlation time. η is an asymmetry parameter (0<η<1) that gives the deviation of the electric field gradient from axial symmetry, which mainly depends on the lack of spherical symmetry of the p electrons density. The electric field gradient is a very important parameter in the relaxation of quadrupolar nuclides.
NMR properties
Cubic, tetrahedral, octahedral or spherical symmetry have in principle a zero field gradient (q = 0), which gives origin to sharp signals. Asymmetry in the ligand field produces an increase in the NMR line width [12, 13] . 27 Al has shown to be more amenable to NMR studies than its companion elements due to a higher receptivity and the existence of only one isotope as shown in Table 1 In another study Vogel and Aramini [20] demonstrated the feasibility of using 27 Al NMR to probe Al 3+ binding to transferrins using the quadrupolar central transition NMR approach
(1/2→-1/2 transition). The chemical shifts of the 27 Al signals due to oTf-bound Al 3+ were found to be within the range +40 to -46 ppm, which is in accordance with a six-coordinate Ga NMR signals of these compounds [21] [22] [23] .
Gallium NMR studies with oTf have shown that the metal ion interacts preferentially with the 
Adenosine triphosphate
The interaction of Al 3+ with biologically relevant phosphates is important [6] . In membrane systems, the Al 3+ ion binds strongly to the phosphate head groups of the membrane. 27 Al NMR. The line widths of these complexes typically fall within the range ~150-500 Hz. Dettelier and co-workers [25] studied these interactions at pH 7.4 using multinuclear NMR spectroscopy. The 27 Al NMR study allowed them to find two complexes coexisting in equilibrium: a 2:1 and a 1:1 complexes, Al(ATP) 2 and Al(ATP). Parker and co-workers studied metal complexes of triazacycloalkane triacetic ligands with potential application in imaging and radioimmunotherapy [26] [27] . A 71 Ga NMR spectroscopy investigation, both in vitro and in vivo in the liver of mice, proved that the complex Ga(NOTA) (see Chart 1 for ligand structures and the list of abbreviations for ligand names) has a remarkable stability with respect to acid-catalysed dissociation. The complex in the solid state is approximately octahedral and 1 H NMR studies suggested that this structure is maintained in solution. The pair of C 3 -symmetric "facial" N 3 and O 3 donors lead to a minimal electric field gradient at the metallic centre in the "x-y" plane and consequently to the observation of the narrow 71 Ga resonance (+171 ppm, Table 2 ).
Complexes of the metal ions

Radiopharmaceuticals
André et al demonstrated that the complex Ga(NODASA) complex, similarly to Ga(NOTA),
shows a 69 Ga NMR signal typical of a pseudo-octahedral species (+165 ppm, Table 2 ) [28] . In vitro and in vivo 27 Al NMR spectroscopy with rats was used to study the complexes Al(NODASA) and Al(NOTA) [29] . Both chelates showed very high stability towards acid catalyzed dissociation and their 27 Al NMR resonances showed to be characteristic of highly symmetrical species with chemical shifts within the range for octahedral or pseudo-octahedral geometries (+47 and +49 ppm respectively). The thermodynamic stability of Al(NODASA) was estimated using 27 Al NMR spectroscopy (logK ML =18.50). The in vivo 27 Al NMR signals of both complexes was detected in the region of the liver of rats and the fact that the aluminum resonances of the complexes was still detectable in the urine indicated that they remain intact under physiological conditions and that they are mainly eliminated from the body through the kidneys [29] .
Parker et al also investigated the coordination chemistry of indium and gallium with α-aminoalkylphosphinic acid ligands based on triazacyclononane ([9]aneN 3 ) skeleton (L1, L5
and L7 in Chart 1) and compared them with the analogous α-aminocarboxylate ligands [30] .
The 71 Ga NMR signals of the phosphinate complexes appear at lower frequencies (between +130 and +140 ppm, Table 2 ) than the signal of Ga 3+ in a tris(amino)tris(carboxylate) environment. Moreover, they found that increasing the size of the alkyl group on the phosphorus atom increased the 71 Ga line width (L7 in Table 2 ). As in each of these cases, the electric field gradient about the quadrupolar nuclei is very similar, the line width change was attributed to a change in molecular tumbling (τ c ).
Geraldes and co-workers performed a 71 Ga NMR study with a [9] Table 2 .
When the oxygen donors are from phenolates, in tripodal aminophenolate ligand complexes (TAMS, TACS and TAPS in Chart 1), it was found that the chemical shift range of 71 Ga moves to even lower frequencies (+18 to +57 ppm) but still lie in the range that is expected for octahedral Ga 3+ complexes [33] . The analogous aluminum complexes show the same trend. 115 In NMR signals were also observed in spite of the large line widths ( Al and 31 P NMR spectra. 27 Al NMR spectroscopy has also been successfully employed to study aluminum-containing complexes existing in natural waters. Casey et al studied the rates of solvent exchange in aqueous Al 3+ -maltolate complexes. Maltolate is a natural product that can be isolated from larch trees but is now widely used as food additive. It is soluble in water, and tris-complexes of Al 3+ with this ligand are toxic and cause brain disease. With the help of a multitemperature 27 Al NMR study it was shown that the maltolate labilizes the inner sphere water molecules of 
Other complexes
27 Al-based magnetic resonance imaging
The gastric emptying (GE) rate is a subject of great relevance in gastrointestinal medicine and pharmacology. The routine procedure to study the GE in clinical practice is to mark ion exchange resins with radioactive isotopes like 111 In or 99m
Tc. These isotopes are detected by γ-scintigraphic techniques. The standard magnetic resonance imaging (MRI) technique, which is based on the 1 H magnetic resonance of the water protons in the body, can be used as well in the study of GE. Seelig et al suggested an alternative imaging modality for the study of GE based on the 27 Al NMR signal [36] . These authors have shown that the [Al(H 2 O) 6 ] 3+ is detectable by 27 Al NMR in the human stomach if aluminum containing drugs are ingested and the pH of gastric juice is lower than 4. Under these conditions the 27 Al resonance has a line width of only a few Hz. Aluminum containing drugs find widespread medical applications as astringents, antacids and antiulcer agents. In vitro 27 Al NMR studies of aluminum containing antacid preparations in HCl demonstrated that the Al 3+ ion is released from these drugs [37] .
Seelig et al demonstrated that the oral uptake of aluminum containing drugs in pharmaceutical doses and the time course of GE could be visualised in vivo using 27 Al MRI. Since a pH of 1-2 is typical for the gastric milieu and the remainder of the gastric emptying has a pH value of 6.0-7.4, the gastric lumen is ideally suited for the detection of 27 Al NMR signal devoid of background signals. They applied 27 Al MRI to visualize gastric pH and found that as little as 0.5 mg Al 3+ could be detected in the human stomach [36] . More recently the same group reported the visualization of the stomach of humans and mice and the gastric emptying rate using aluminum-loaded ionic exchange resins [38] . For stomach emptying in mice the exponential decay constant was 74 min, whereas the half-time of the linear gastric emptying in humans was 30 min. The difference was explained with basis on the feeding patterns of human and mice. It was also found that the resin-bound Al 3+ ion has magnetic properties similar to those of the free aluminum ions [39] , suggesting that the Al 3+ ions coordinated by the sulfonic groups of the resin somehow keep their octahedral array of coordinated water molecules.
Aluminum in plants
The uptake of aluminum by plants has been investigated by multinuclear NMR [40, 41] . The Al 3+ ion exists in a variety of complexed forms in vivo and the non-destructive 27 Al NMR spectroscopy can be extremely helpful in their identification. Nagata et al [42, 43] applied 27 Al and 19 F NMR to the analysis of intact tissues of tea plant (Camellia sinensis). This plant is an aluminum accumulator and can protect itself against aluminum injury by trapping large amounts of this element in the old leaves. They found that the dominant aluminum species in the tea leaves are catechin complexes. In order to identify the aluminum species present after absorption from soil they performed a 27 Al NMR study using different parts of the tea plant.
This study showed the existence of two different aluminum species which were attributed to catechin and fluoride complexes. The absence of the Al-F complexes in the leaves is thought to be the result of their migration within the plant and their rapid conversion into another form in the leaves.
In a study with the leaves of hydrangea it was found that the 27 Al resonance peak appears at 11-12 ppm in both the intact leaves and in the extracted cell sap. The structure of the ligand chelated with Al 3+ was identified to be citric acid in a molar ratio of 1:1 [44] . 27 Al NMR was also applied to the detection of aluminum in lower organisms like the mycorrhizal fungus Laccaria bicolour [45] .
Conclusion
The NMR spectroscopy of the Group 13 elements is a powerful non invasive technique for the study of the structure and dynamics of compounds and biological systems that interact with these metal ions. The metal ions can be native to the systems (e.g. aluminum in plants) or just be used as structural probes (e.g. thallium in proteins 27 Al has been the most employed Group 13 nuclide in NMR studies due to its favourable magnetic resonance properties (100% abundance and fairly good receptivity). The magnetic resonance characteristics of this nuclide make it also suitable for medical applications ( 27 Albased magnetic resonance imaging is feasible). 
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